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Summary
b-Catenin signaling determines the proximal-distal
axis of the C. elegans gonad by promoting distal fate
in asymmetrically dividing somatic gonad precursor
cells (SGPs). Impaired function of the Wnt effector
POP-1/TCF, its coactivator SYS-1/b-catenin, and of up-
stream components including b-catenin WRM-1
causes all SGP daughters to adopt the proximal fate.
Consequently, no distal tip cells (DTCs) that would
lead differentiation of gonad arms form in the affected
hermaphrodites. Here, we show that deficiency of the
nuclear receptor NHR-25 has the opposite effect: extra
DTCs develop instead of proximal cells. NHR-25
knockdown restores DTC formation and fertility in
pop-1 and sys-1 mutants, suggesting that a balance
between NHR-25 and b-catenin pathway activities is
required to establish both proximal and distal fates.
This balance relies on direct crossregulation between
NHR-25 and the distinct b-catenin proteinsWRM-1 and
SYS-1. The nuclear receptor-b-catenin interactionmay
be an ancient mechanism of cell-fate decision.
Introduction
Diverse cell types can arise either from initially identical
daughter cells that receive different instructions or by in-
trinsically asymmetric cell divisions whereby the two
daughters inherit different molecular determinants and
with them unequal developmental potentials (Kem-
phues, 2000; Betschinger and Knoblich, 2004; Roegiers
and Jan, 2004). Conserved transduction pathways, such
as Wnt signaling (Logan and Nusse, 2004), are critical for
cell-fate decisions. In canonical cascades, a Wnt glyco-
protein signals its receptor to stabilize b-catenin, which
in turn cooperates with TCF/LEF transcription factors to
activate a specific set of genes; in the absence of the
Wnt signal, TCF/LEF proteins repress these genes. In
C. elegans, polarity of asymmetric cell divisions is dic-
tated by noncanonical Wnt pathways involving distinct
b-catenins WRM-1 and SYS-1 and a MAPK-related
*Correspondence: jindra@entu.cas.cz (M.J.); masako@paru.cas.
cz (M.A.)kinase, LIT-1 (Thorpe et al., 1997; Rocheleau et al.,
1997, 1999; Meneghini et al., 1999; Ishitani et al., 1999;
Korswagen et al., 2000; Korswagen, 2002; Siegfried
and Kimble, 2002; Herman and Wu, 2004; Kidd et al.,
2005). These pathways converge at the TCF/LEF homo-
log POP-1, whose asymmetric distribution is key to the
polarity of cell fates (Lin et al., 1995, 1998; Meneghini
et al., 1999; Herman, 2001; Maduro et al., 2002; Lo et al.,
2004; Siegfried et al., 2004; Kidd et al., 2005; Shetty
et al., 2005).
The gonad of C. elegans is a remarkable example of
how a single asymmetric cell division establishes the
axis of the entire organ. The gonad develops from two
somatic gonad precursors (SGPs) Z1 and Z4 that flank
germline founder cells Z2 and Z3 (Kimble and Hirsh,
1979) (Figure 1A). Distal daughters of Z1 and Z4 cells
by their next division produce a unique distal tip cell
(DTC), one per each lineage. In hermaphrodites, the
two DTCs reside at the opposite poles of the gonad
and guide elongation of its arms and proliferation of
the germline. Thus, each gonadal arm is organized along
a proximal-distal axis. The proximal SGP daughters di-
vide twice to produce cells of which one is selected as
the anchor cell (AC) (Figure 1A) that will induce the vulva
(Kimble, 1981).
The current model for axis formation in the somatic
gonad (Kidd et al., 2005) relies on asymmetric distribu-
tion of POP-1 between the immediate Z1/Z4 daughter
cells (Siegfried et al., 2004). Based on evidence from
the early embryo, this asymmetry can be generated by
LIT-1- and WRM-1-dependent nuclear export of POP-1
(Rocheleau et al., 1999; Maduro et al., 2002; Lo et al.,
2004) in the distal daughters, where the remaining nu-
clear POP-1 combines with limiting amounts of b-cate-
nin SYS-1 to activate distal fate genes. One such POP-
1 target required for DTC formation is a Hox gene,
ceh-22/tinman (Lam et al., 2006), originally uncovered
as sys-3 (Siegfried et al., 2004). In the proximal daugh-
ters, SYS-1-free nuclear POP-1 is thought to be a repres-
sor (Kidd et al., 2005). Impaired function of lit-1, wrm-1,
pop-1, sys-1, or ceh-22 leads to a Sys (symmetrical sis-
ters) phenotype, when all SGP daughters adopt the
proximal fate, thus increasing the number of AC precur-
sors at the expense of DTCs (Miskowski et al., 2001;
Siegfried and Kimble, 2002; Siegfried et al., 2004). Con-
versely, misexpression of SYS-1 or CEH-22 transforms
proximal cells into extra DTCs (Kidd et al., 2005; Lam
et al., 2006). As no factor that would be required for
the proximal fate commitment has yet been reported,
the proximal fate appears to be a signaling-independent
‘‘default state.’’
Here, we show that the establishment of both the dis-
tal and the proximal cell fates requires a proper balance
between POP-1 activity and the action of the nuclear re-
ceptor NHR-25. Depletion of NHR-25 causes extra DTCs
to form at the expense of the proximal AC precursors
and reverts the Sys phenotype of the b-catenin/MAPK
pathway mutants. NHR-25 antagonizes POP-1- and
SYS-1-dependent transcription, while WRM-1 inhibits
and SYS-1 stimulates activation by NHR-25. Since
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204Figure 1. Excessive DTCs Form Instead of
the Proximal Anchor Cell in nhr-25(RNAi)
Hermaphrodites
(A) The asymmetric division of the somatic
gonad precursors Z1 and Z4 occurs during
the L1 stage at around 8 hr posthatching
(Kimble and Hirsh, 1979). The following divi-
sions produce two distal tip cells (DTC) and
proximal cells, one of which is selected as
the anchor cell (AC).
(B) Two DTCs and one AC in a normal worm
(top) are visualized by lag-2::gfp and cdh-
3::gfp markers, respectively. nhr-25 RNAi ap-
plied by feeding since the time of hatching
causes one (middle) or two (bottom) extra
DTCs to form at the expense of the AC (ar-
rows indicate the normal AC position).
(C) In situ hybridization reveals that nhr-25
mRNA is expressed in the early gonad pri-
mordium (brackets). Bar = 20 mm.
(D) The endogenous NHR-25 protein is de-
tected in the nuclei of Z1 and Z4 (arrows)
but not in the Z2/Z3 germline precursors (ar-
rowheads). The yellow line shows the approx-
imate shape of the gonad primordium, and
lag-2::gfp expression marks Z1 and Z4 cells.
(E) NHR-25 is also present in the immediate
Z4 (yellow lines) and Z1 (out of focus) daugh-
ters. Bars in (D) and (E) = 10 mm. In all panels,
anterior is to the left.NHR-25 belongs to an ancient nuclear receptor family
whose members functionally interact with b-catenin in
mammals, the crosstalk between NHR-25 and b-catenin
signaling, uncovered in the C. elegans gonad, may pres-
ent a broadly conserved principle of cell-fate decision.
Results
Impaired nhr-25 Function Causes an ‘‘All-Distal’’ Sys
Phenotype
Unlike normal hermaphrodites with two DTCs, up to
55% of worms that were subjected to nhr-25 RNAi si-
lencing from the time of hatching developed three or
four DTCs (Figure 1, Table 1, and Table S1). The ectopic
DTCs could not be distinguished from normal DTCs by
morphology or expression of a transgenic GFP marker
derived from the Delta-like gene lag-2 (Blelloch et al.,
1999) (Figure 1B). Consistently, these cells were func-
Table 1. nhr-25 Genetically Interacts with wrm-1 and lit-1 during
Gonad Development
RNAi Targetsa DTC Number (% Animals)
nInjection Feeding Missing (0–1) Extra (3–4)
None empty vector 1 0 516
nhr-25 6b 55 228
wrm-1 empty vector 91 0 214
nhr-25 27 14 193
lit-1 empty vector 23 0 66
nhr-25 3 14 347
a Homozygous rde-1 hermaphrodites were injected with either wrm-
1 or lit-1 dsRNA and mated to rde-1+/+ males carrying the lag-2::gfp
DTC marker on plates seeded with either control bacteria with the
empty pPD129.36 vector or bacteria expressing nhr-25 dsRNA.
b Maternal contribution of nhr-25 dsRNA prevents formation of the
gonad primordium.tional in promoting germline differentiation and in lead-
ing the migration of gonadal arms; in case of four
DTCs, two arms extended in the anterior and two in
the posterior direction. The total number of DTCs never
exceeding four and the simultaneous loss of the AC
(Figure 1B and Table S1) argued that nhr-25 RNAi dis-
rupted the asymmetry of the fate-determining Z1/Z4 di-
vision that occurs at about 8 hr posthatching (Kimble
and Hirsh, 1979) (Figure 1A) and not by causing prolifer-
ation of already distally specified cells. To confirm this
idea, we applied nhr-25 RNAi at increasing intervals af-
ter hatching. The latest time at which the DTC number
could be altered (three DTCs in 3% of animals, n =
196) was 4 hr posthatching; starting from 7 hr, it was
too late for nhr-25 RNAi to affect the critical Z1/Z4 divi-
sion (Table S1).
To verify the specificity of the nhr-25 RNAi effect, we
repeated feeding with dsRNA spanning two nonoverlap-
ping regions of the nhr-25mRNA. Regardless of whether
the region included the conserved DNA binding domain,
the same gonad phenotype was observed (data not
shown). Moreover, we used a related nuclear receptor
gene, nhr-23, for control. While nhr-23 RNAi caused ex-
pected Dumpy (Dpy) defects (Kostrouchova et al., 1998),
it could not elicit the extra DTC phenotype at any time.
Because silencing of nhr-25 causes extra DTCs to
form at the expense of proximal Z1/Z4 descendants, it
disrupts the gonad asymmetry in a sense opposite to
all thus far reported Sys defects. These results therefore
suggest that the normal role of NHR-25 is to promote the
proximal fate or to antagonize the distal fate. Consistent
with such a role, nhr-25 mRNA is present in the SGPs
(Figure 1C). The NHR-25 protein can be detected in the
nuclei of Z1 and Z4 (Figure 1D) as well as in the nuclei
of their daughter cells (Figure 1E), but not in the Z2
and Z3 precursors of the germline.
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b-Catenin/MAPK Pathway Genes
While nhr-25 is required for the specification of the prox-
imal fate, pop-1, sys-1, wrm-1, and lit-1 all promote the
distal fate. To test for genetic interaction between nhr-
25 and the b-catenin/MAPK pathway, we primarily
chose a pop-1 mutation (q645) and a sys-1 mutation
(q544), which both are fully penetrant for the gonadal
Sys defect (Miskowski et al., 2001; Siegfried and Kimble,
2002). Because all SGP daughters become proximally
specified and none yields a DTC in either pop-1(q645)
or sys-1(q544) homozygous hermaphrodites, all adults
lack both gonadal arms and are sterile. We found that
nhr-25 silencing applied from the time of hatching (but
not after the critical Z1/Z4 division; Table S2) allowed
61% (n = 44) of pop-1(q645) hermaphrodites to develop
one or both gonadal arms, i.e., clear evidence that
DTCs also were formed (Figure 2). In addition, fertility
was restored in 23 out of 141 examined pop-1(q645);
nhr-25(RNAi) adults, indicating that the germline differ-
entiated properly. The same suppression of the Sys phe-
notype was also observed in sys-1(q544) mutants sub-
jected to nhr-25 RNAi (Figure 2 and Table S2). This
effect was specific to nhr-25, since the Sys phenotype
of neither mutant could be reversed by RNAi targeting
of the related nuclear receptor NHR-23 (data not shown).
The observed suppression was striking since the pop-
1(q645) mutation was 100% penetrant for the Sys defect
in animals with undisturbed nhr-25 function. It implied
that the MAPK/b-catenin pathway, which is essential
for DTC formation, can signal even in the pop-1(q645)
background. This finding and also the fact that the
pop-1(q645) allele caused a single conservative substi-
tution of aspartic acid 9 to glutamic acid (D9E) (Siegfried
and Kimble, 2002) prompted us to examine whether the
POP-1(q645) mutant protein might be partly functional.
We therefore tested POP-1(q645) along with a noncon-
servative mutant version, POP-1(D9A), for the ability
to activate a TCF-dependent pTOPFLASH reporter in
SYS-1/b-catenin-dependent manner. Whereas the
POP-1(D9A) protein did not activate at all, the ability of
POP-1(q645) to induce pTOPFLASH expression in the
presence of SYS-1 was only lowered as compared to
wild-type POP-1 (Figure 3).
Simultaneous RNAi silencing of pop-1 and nhr-25 re-
duced the effect of pop-1 RNAi on DTC loss as well as
the effect of nhr-25 RNAi on DTC surplus, respectively
(Table S3). In comparison to pop-1 RNAi, sys-1 knock-
down was more effective in suppressing the extra DTC
phenotype caused by nhr-25 RNAi. Conversely, silenc-
ing of nhr-25 only mildly suppressed the effect of sys-1
RNAi on DTC loss (Table S3). Since sys-1 is dose-sen-
sitive and haploinsufficient (Kidd et al., 2005), these
differences may reflect a relatively higher sensitivity of
sys-1 to RNAi.
The above results further confirmed that NHR-25 an-
tagonized POP-1 and SYS-1. A similar relationship was
also found between nhr-25 and genes encoding the ki-
nase LIT-1 and the b-catenin WRM-1 (Table 1). nhr-25
RNAi reduced to about one-third the effect of wrm-1
RNAi and abolished the effect of lit-1 RNAi on DTC
loss. Conversely, silencing of either wrm-1 or lit-1 re-
duced frequency of the extra DTC phenotype caused
by nhr-25 RNAi from 55% to 14% (Table 1). Together,these results suggested that NHR-25 opposed b-cate-
nin/MAPK signaling during cell fate decision in the so-
matic gonad precursors. Since nhr-25 RNAi did not ap-
pear to alter the distribution of a transgenic GFP::POP-1
fusion protein (Siegfried et al., 2004) (Figure S1), NHR-25
likely acted in parallel to b-catenin/MAPK signaling and
POP-1.
NHR-25 Binds b-Catenins WRM-1 and SYS-1
We next asked whether NHR-25 interacts with the b-cat-
enin/MAPK pathway by making direct contact with
some of its components. Yeast two-hybrid assay
Figure 2. nhr-25 Counteracts pop-1 and sys-1 during Gonad Devel-
opment
The absence of DTCs and hence of the gonad arms caused in her-
maphrodites by pop-1(q645) (top left) or by sys-1(q544) (not shown)
(Miskowski et al., 2001) mutations can be reverted by nhr-25 RNAi.
Three DTCs may develop and consequently two gonadal arms mi-
grate in the same direction in some sys-1(q544); nhr-25(RNAi) (bot-
tom) or pop-1(q645); nhr-25(RNAi) (not shown) hermaphrodites. Ar-
rowheads point to DTCs; asterisk indicates an embryo.
Figure 3. POP-1(q645) Mutant Protein Retains Partial Function
When transfected to HEK239 cells, the POP-1(q645) mutant bearing
a D9E substitution could still activate the pTOPFLASH reporter in
a SYS-1/b-catenin-dependent manner (gray columns), albeit at a re-
duced rate compared to wild-type POP-1 (black columns). Mutation
of D9 to alanine (D9A) abolished the activation completely (open col-
umns). Inset shows that protein expression levels did not differ
among the three POP-1 variants. pFOPFLASH was used for negative
control. Luciferase activities normalized for the Renilla internal con-
trol are expressed relative to the activity of wild-type POP-1 in the
absence of SYS-1, arbitrarily set to 1. Values are average plus stan-
dard deviation of three independent experiments, each of which was
done in triplicate; the amounts of transfected plasmid DNAs are
given for the entire triplicate experiment.
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WRM-1 and SYS-1
(A) In yeast two-hybrid assay, deletion of 23
C-terminal amino acids prevented reporter
activation by WRM-1 in the presence of a con-
trol (T-antigen), but not its interaction with
NHR-25DD (lacking the DNA binding domain).
Removal of either the 216 N-terminal amino
acids (WRM-1DN), of the C terminus (WRM-
1DC236) or both (WRM-1AR) abolished the
interaction. LIT-1 and POP-1 bound their
partners, WRM-1 and SYS-1, respectively,
but neither bound NHR-25DD. In all assays,
fusions with the Gal4 activation domain (AD)
are on the left. S, selective conditions; C, con-
trol plate.
(B) In vitro-translated and 35S-labeled NHR-
25 was pulled down in complexes with bacte-
rially produced GST-WRM-1 and GST-SYS-1
fusion proteins, but not with another b-cate-
nin BAR-1. Bottom gel shows Coomassie
blue staining of the GST fusion proteins.
(C) NHR-25 immunoprecipitated with full-length WRM-1 (W, lane 3) but not with its truncated version WRM-1(AR) (AR, lane 4). Lysates from trans-
fected HEK239 cells were precipitated with anti-NHR-25 or an unrelated (a-IR) antibody. Control cells received no NHR-25 (lanes 7 and 8). Epi-
tope-tagged WRM-1 proteins were detected with a-Myc antibody.
(D) SYS-1 (detected with a-Myc) immunoprecipitated with NHR-25 (N, lane 1) but not with NHR-25DL lacking the ligand binding domain (DL, lane
2). Because the NHR-25 antibody is directed against the deleted ligand binding domain (Silhankova et al., 2005), NHR-25 was tagged with EGFP
to allow immunoprecipitation and detection with an anti-EGFP antibody. No complex was recovered from the transfected cells with the control
a-IR antibody.revealed binding of NHR-25 to b-catenin/WRM-1 but not
to POP-1 or LIT-1 proteins (Figure 4A); SYS-1 could not
be tested because when fused to the Gal4 DNA binding
domain, it strongly activated gene expression in the
yeast. WRM-1 was only a moderate transcriptional acti-
vator, and by deleting 23 amino acids from its carboxyl
end, we obtained WRM-1DC that did not activate alone
but still interacted with NHR-25 (Figure 4A). Removal of
either the N-terminal 216 amino acids (WRM-1DN) or the
C-terminal 236 amino acids from WRM-1 abolished the
interaction. WRM-1 lacking both ends and containing
the armadillo repeats (WRM-1AR) was also incapable of
binding NHR-25 (Figure 4A). GST pull-down with in vitro-
translated NHR-25 and bacterially produced b-catenin
proteins was performed to confirm that the binding
was direct. In this assay, NHR-25 bound WRM-1 and
SYS-1 but not another C. elegans b-catenin, BAR-1
(Figure 4B). Finally, interaction of NHR-25 with WRM-1
and SYS-1 was verified by coimmunoprecipitation in
transfected cell culture. Consistent with the yeast two-
hybrid data, WRM-1 but not WRM-1AR could be immu-
noprecipitated with NHR-25 by using a NHR-25-specific
antibody (Figure 4C, lanes 3 and 4). SYS-1 coimmuno-
precipitated with NHR-25, but not with its C-terminally
truncated version lacking the ligand binding domain
(NHR-25DL) (Figure 4D, lanes 1 and 2). As the NHR-25-
specific antibody reacted poorly with the truncated
NHR-25 protein, EGFP-tagged proteins and an anti-
EGFP antibody were used in these experiments. Never-
theless, coimmunoprecipitation with SYS-1 was specific
to full-length NHR-25 because in a parallel assay, neither
EGFP-NHR-25DL nor a control, EGFP protein, bound to
SYS-1 (Figure 4D and data not shown).
Crosstalk between NHR-25 and b-Catenins WRM-1
and SYS-1 at the Level of Transcriptional Activation
The antagonism between NHR-25 and b-catenin/MAPK
signaling that was uncovered by genetic experimentssuggested that WRM-1 might be a negative regulator
of NHR-25. We tested the relationship between NHR-
25 and WRM-1 in cell transfection assays with NHR-
25-dependent luciferase reporters, one containing a
tandem of Ftz-F1/SF-1 consensus binding sites (desig-
nated 23TCA) or their mutated version 23TCT (Fig-
ure 5A), and the other based on five SF-1 binding sites
from the mouse CYP21 gene (Figure 5B). NHR-25 alone
stimulated transcription of both reporters in a dose-de-
pendent manner (not shown and Figure 5B). Activation
by an intermediate dose of NHR-25 was progressively
suppressed by increasing doses of WRM-1 (Figures 5A
and 5B), while the truncated WRM-1AR version that
failed to bind NHR-25 (Figures 4A and 4C) had no effect.
In contrast, the other b-catenin SYS-1 stimulated
NHR-25-dependent transactivation of both reporters
(Figures 5A and 5B). Thus, the two functionally distinct
b-catenins modulated NHR-25 activity in opposite
ways.
In addition to being regulated by WRM-1 and SYS-1,
NHR-25 itself might antagonize POP-1 by interfering
with transcription activated by the POP-1/SYS-1 nuclear
complex. We verified this possibility by using the pTOP-
FLASH reporter. While full-length NHR-25 clearly in-
hibited pTOPFLASH activation by POP-1 and SYS-1,
NHR-25 lacking its ligand binding domain (NHR-25DL)
had no effect (Figure 5C). The inhibition likely occurred
through NHR-25 binding to SYS-1, since full-length
NHR-25 but not NHR-25DL coimmunoprecipitated with
SYS-1 (Figure 4D, lanes 1 and 2).
Discussion
Role of NHR-25 in the Early Somatic Gonad
The effect of NHR-25 in the early gonad opposed
that of MAPK/b-catenin signaling because only distal
cells formed when NHR-25 function was reduced, and
only proximal cells resulted from the compromised
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207Figure 5. Crossregulation between b-Cate-
nin, NHR-25, and POP-1
(A and B) WRM-1 inhibits and SYS-1 stimu-
lates NHR-25-dependent transcription.
HEK293 cells were cotransfected with an
NHR-25 expression plasmid and either with
luciferase reporters driven by two Ftz-F1/
SF-1 consensus binding elements (23TCA)
and their mutant version (23TCT) (A) or with
the 53SF-1-luc reporter (B). Activation by in-
termediate NHR-25 levels (broken line in B)
was suppressed by increasing doses (0.5,
1.0, and 1.5 mg DNA) of WRM-1 (gray col-
umns), but not by the truncated WRM-1AR
(hatched columns). SYS-1 (open columns)
enhanced NHR-25-dependent activation of
both 23TCA and 53SF-1-luc reporters. Inset
in (B) shows that NHR-25 expression did not
change among experiments.
(C) NHR-25 interferes with POP-1/SYS-1 ac-
tivity. pTOPFLASH activation by cotrans-
fected POP-1 and SYS-1 was inhibited by in-
creasing doses (0.5, 1.0, and 1.5 mg DNA) of
NHR-25 (open columns) but not by NHR-
25DL (gray columns). The inhibition was not
due to altered POP-1 or SYS-1 expression
(bottom). In all panels, luciferase activities
corrected for the Renilla internal control are
expressed relative to reporter activities in control cells, arbitrarily set to 1. Values are average plus standard deviation of three independent
experiments, each of which was done in triplicate; the microgram amounts of transfected plasmid DNAs are given for the entire triplicate
experiment.MAPK/b-catenin pathway activity. Perturbing NHR-25
and this pathway simultaneously permitted both the
distal and proximal fates to be established. Strikingly,
depletion of NHR-25 restored gonad differentiation in
pop-1(q645) mutants that otherwise never develop
DTCs (Siegfried and Kimble, 2002). Although mutation
of the invariably conserved aspartate to a glutamate
residue disrupted POP-1 binding to SYS-1/b-catenin
in yeast (Kidd et al., 2005), we suspected that the
POP-1(q645) mutant protein was still partly active.
That this was indeed true was not surprising given the
conservative nature of the substitution and the fact
that POP-1(q645) weakly bound b-catenin BAR-1 (Kidd
et al., 2005). Interestingly, ceh-22b::VENUS expression
was not completely abolished in pop-1(q645) worms
(Lam et al., 2006), indicating that the mutant protein
was also partly functional in vivo.
Since neither the mutationally induced POP-1 defect
nor RNAi knockdown of nhr-25 (whose deletion is em-
bryonic lethal, Asahina et al., 2000) represent complete
loss-of-function situations, epistasis between NHR-25
and POP-1 is not obvious. Like SYS-1, NHR-25 does
not seem to be required for POP-1 asymmetry. In fact,
NHR-25 role in POP-1 distribution between the SGP
daughters may not be expected since neither equal
POP-1 distribution (Siegfried et al., 2004) nor its re-
versed asymmetry (Chang et al., 2005) transforms prox-
imal cells to distal. Defects in the MAPK/b-catenin
pathway and NHR-25 complement each other: whereas
nhr-25 knockdown allows more cells to become DTCs in
pop-1, sys-1, lit-1, or wrm-1 RNAi backgrounds, silenc-
ing of any of these genes reduces the frequency of extra
DTCs caused by shortage of NHR-25. In our view, these
interactions reflect a mutual balance that must exist be-
tween competing NHR-25 and MAPK/b-catenin pro-
grams in order for both fates to be established.To explain how this balance may be achieved, we pro-
pose two alternative but compatible models (Figure 6).
Both models rely on unequal distribution of WRM-1
and LIT-1 between daughters of asymmetric cell divi-
sions, which has been demonstrated in the early embryo
(Lo et al., 2004; Nakamura et al., 2005) and in several cell
types during postembryonic development (Takeshita
Figure 6. Model for NHR-25 Interaction with the b-Catenin/MAPK
Pathway during Cell-Fate Specification of the Somatic Gonad
Precursors
(A) NHR-25 promotes proximal fate as a negative modulator of SYS-
1/POP-1 activity in the proximal Z1/Z4 daughter cell. In the distal
daughter, WRM-1 and LIT-1 mediate nuclear export of excess
POP-1, allowing the remaining POP-1 to combine with SYS-1 and
to activate distal genes (based on the model in Kidd et al., 2005).
NHR-25 may be inactivated by WRM-1 binding (dotted line).
(B) NHR-25 promotes proximal fate by regulating its own target
gene(s). SYS-1 enhances NHR-25 activity. In the distal cell, WRM-
1 prevents NHR-25-dependent activation of ‘‘proximal genes.’’
Both the A and B models may apply together.
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ters of Z1 and Z4, H. Sawa, personal communication),
WRM-1 and LIT-1 accumulate in the nuclei of those cells
that display less nuclear POP-1, presumably due to LIT-
1- and WRM-1-mediated nuclear export of POP-1 (Ro-
cheleau et al., 1999; Lo et al., 2004).
In model A, NHR-25 ensures the correct fate of the
proximal SGP daughter by preventing POP-1/SYS-1-de-
pendent activation of distal genes (Figure 6). In the distal
cell, WRM-1 plays two roles. First, as proposed by Kidd
and colleagues, WRM-1 and LIT-1 mediate nuclear ex-
port of excess POP-1, allowing the remaining POP-1/
SYS-1 complex to trigger distal genes (Kidd et al.,
2005). Second, WRM-1 may prevent NHR-25 from bind-
ing SYS-1 and thus from inhibiting POP-1 activation.
Whether WRM-1 and SYS-1 compete for NHR-25 bind-
ing remains to be tested, but this idea is suggested by
apparently stronger NHR-25 interaction with WRM-1
as compared to SYS-1 in vitro (Figure 4B). If WRM-1 pre-
vails in the distal cell nucleus, NHR-25 would be more
likely combined with it rather than with SYS-1. Model B
predicts that the absence of nuclear WRM-1 in the prox-
imal cell allows NHR-25 to turn on its own proximal tar-
get gene(s). In this case, SYS-1 can enhance NHR-25
activity. In the distal cell, WRM-1 would prevent
NHR-25-dependent activation of these proximal genes.
Since we have not yet identified any direct NHR-25 tar-
get, there is no definite proof for model B.
Future studies on NHR-25 may help us resolve some
open questions about gonad development. According
to the recent model (Kidd et al., 2005), high nuclear
POP-1 is a repressor of distal genes in the proximal
SGP daughter. However, POP-1-dependent repression
could not be demonstrated for the freshly characterized
distal gene ceh-22b (Lam et al., 2006). Whether NHR-25
represses ceh-22b or whether it acts upon POP-1-inde-
pendent targets needs to be tested. Another question
concerns a missing signal that would polarize the early
somatic gonad. Although upstream Wnt signaling com-
ponents such as LIN-17/Frizzled (Sternberg and Horvitz,
1988; Siegfried and Kimble, 2002) and DSH-2/Dishev-
eled (Chang et al., 2005) contribute to SGP asymmetry,
none of the five known C. elegans Wnts appears to be
required for it (Siegfried and Kimble, 2002). Recently,
mammalian NHR-25 homologs have been shown to
bind phospholipid ligands (Krylova et al., 2005; Li
et al., 2005). If NHR-25 requires an activating ligand,
then this molecule, rather than a Wnt, might be the miss-
ing polarizing cue for the somatic gonad precursors.
NHR-25 Interaction with b-Catenin Signaling
Is Evolutionarily Conserved
The present study introduces NHR-25 as a new player
and, to our knowledge, as the first C. elegans nuclear re-
ceptor to be involved inb-catenin signaling. Homologs of
NHR-25, the steroidogenic factor 1 (SF-1) and the liver
receptor homolog 1 (LRH-1), have been shown to inter-
act with b-catenin in mammalian models. Thus, a func-
tional relationship between b-catenin and the NR5 family
of nuclear receptors is common to worms and mammals.
Synergy between SF-1 and b-catenin is important for
male sexual differentiation, e.g., for TCF4-dependent ex-
pression of a Mu¨llerian inhibiting substance receptor
(Hossain and Saunders, 2003). Conversely, the b-cate-nin-SF-1 complex stimulates SF-1-dependent activation
of the Dax-1 (Mizusaki et al., 2003) and a-inhibin (Gum-
mow et al., 2003) genes. Interestingly, the Wnt4 signal
opposes male sexual development by repressing the co-
operation between b-catenin and SF-1 (Jordan et al.,
2003). A two-way synergy between b-catenin and LRH-
1 has been proposed to stimulate cell proliferation in
mice: whereas b-catenin enhances expression of an
LRH-1 target gene,cyclinE1, LRH-1serves asacoactiva-
tor to the TCF4-b-catenin complex on the cyclin D1
promoter (Botrugno et al., 2004). This LRH-1-TCF4
crossregulation perhaps best parallels a scenario in
which NHR-25 and POP-1 act on their own target genes
(Figure 6).
In the light of the above examples of mutual synergy, it
was somewhat surprising that NHR-25 inhibited POP-1-
and SYS-1-dependent gene expression, whereas WRM-
1 inhibited the transcriptional activity of NHR-25. One
reason may be that in contrast to mammals, the nonca-
nonical C. elegans pathway employs structurally un-
usual and functionally distinct b-catenin molecules
(Korswagen et al., 2000; Natarajan et al., 2001; Kidd
et al., 2005). Unlike WRM-1, SYS-1 (which serves as co-
activator to POP-1) stimulated NHR-25-dependent re-
porter expression, a situation similar to the synergy be-
tween b-catenin and SF-1 (Gummow et al., 2003;
Hossain and Saunders, 2003; Jordan et al., 2003; Mizu-
saki et al., 2003) or LRH-1 (Botrugno et al., 2004). Addi-
tionally, Gummow and colleagues showed that in-
creased levels of TCF4 disrupted the synergy between
SF-1 and b-catenin on the SF-1-responsive a-inhibin
promoter (Gummow et al., 2003). Therefore, both posi-
tive and negative regulation can occur between nuclear
receptors NHR-25 or SF-1 and b-catenin signaling.
Accumulating literature shows that modulation be-
tween Wnt/b-catenin signaling and numerous types of
nuclear receptors proceeds in both directions: nuclear
receptors block or stimulate Wnt signaling, while Wnt
pathways positively or negatively affect the transcrip-
tional activity of nuclear receptors (reviewed in Mulhol-
land et al., 2005). This regulatory interplay emerges as
an important means of controlling cell differentiation.
Our study shows that the b-catenin-nuclear receptor
crosstalk has been conserved in distant animal phyla
and that the C. elegans system allows us to link it with
developmental decisions of specific cells in vivo.
Experimental Procedures
Worms and RNA Interference
C. elegans was reared at 20ºC according to standard protocols
(Brenner, 1974). The following strains were used. GS2806 dpy-
20(e1362); arIs51[dpy-20(+); cdh-3::gfp] (Pettitt et al., 1996) strain
was a gift from I. Greenwald (Columbia University, New York, NY).
JK3785 sys-1(q544)/hT2(qIs48); qIs90 (Lam et al., 2006) was kindly
provided by J. Kimble (University of Wisconsin, Madison, WI).
JK2868 qIs56[lag-2::gfp] (Blelloch et al., 1999), JK2944 pop-
1(q645) (Siegfried and Kimble, 2002), JK3437 him-5(e1490); qIs74
(Siegfried et al., 2004), and WM27 rde-1(ne219) (Tabara et al.,
1999) were obtained from the Caenorhabditis Genetics Center, sup-
ported by the National Institutes of Health. GS2806 and JK2868 were
crossed to generate a strain carrying both cdh-3::gfp and lag-2::gfp.
The N2 variety Bristol was used as the wild-type.
RNA interference (RNAi) by feeding was essentially performed as
described (Timmons et al., 2001). pPD129.36 vector (a gift from
A. Fire, Carnegie Institution of Washington, Baltimore, MD) was
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Court, National Cancer Institute, Frederick, MD). Bacteria carrying
a pPD129.36 construct were grown to OD600 = 0.4 in LB medium
containing 50 mg/ml carbenicillin and 12.5 mg/ml tetracycline, and
dsRNA was induced for 4 hr with 0.4 mM isopropyl-b-D-thiogalacto-
side (IPTG). Bacteria were concentrated by centrifugation and
seeded on nematode growth medium (NGM) agarose plates con-
taining both antibiotics and 0.4 mM IPTG. Bacteria carrying
pPD129.36 without an insert were used for control.
To synchronize the worms, eggs from hermaphrodites were har-
vested by using the hypochlorite method and were placed on non-
seeded NGM plates. Larvae that hatched within the first 2 hr were
discarded. Fresh L1 larvae that hatched within 30 min were then col-
lected, transferred to seeded plates, and kept at 20ºC. For RNAi
applied at later times than immediately from hatching, the fresh L1
larvae were first fed (for 4, 7, 10, or 20 hr) on plates seeded with
IPTG-induced control HT115 bacteria carrying the empty pPD129.36
vector and then transferred to dsRNA-expressing bacteria.
For double-target RNAi, cultures of E. coli expressing dsRNAs
were pooled at equal ratio of cells, concentrated by centrifugation
and seeded. Alternatively, zygotic RNAi was performed by injecting
rde-1(ne219) (Tabara et al., 1999) hermaphrodites with in vitro-syn-
thesized wrm-1 or lit-1 dsRNA. Injected worms were then mated
with wild-type males carrying the lag-2::gfp transgene on plates
seeded either with IPTG-induced bacteria containing the empty
pPD129.36 vector or on bacteria that expressed nhr-25 dsRNA.
Plasmid Constructs
The following yk clones were used to prepare RNAi constructs in
pPD129.36: yk342d8 (nhr-25), yk1529d11 (lit-1), yk1201e5 (wrm-1).
For pop-1 and sys-1 RNAi constructs, cDNAs were amplified from
N2 worms by using RT-PCR.
cDNAs containing the complete open-reading frames of each
gene were obtained from N2 worms by using RT-PCR and were se-
quenced in their entirety before cloning into expression vectors. De-
letion mutants of each protein were generated either by subcloning
restriction fragments of the cDNAs or by PCR with internally posi-
tioned primers; in the latter case, the resulting DNA was rese-
quenced. Plasmids for yeast two-hybrid assays were prepared in
the pGADT7 (Gal4AD fusion) and pGBKT7 (Gal4DBD fusion) vectors
(Clontech). The Gal4AD fusion vectors included: pGADT7(T-ant),
control construct with SV40 large T-antigen; pGADT7(NHR-25DD),
NHR-25(117–572), deletion of the DNA binding domain;
pGADT7(WRM-1), full-length WRM-1; and pGADT7(SYS-1), full-
length SYS-1. The Gal4DBD fusion vectors included: pGBKT7(Lam),
control construct with human lamin C; pGBKT7(WRM-1), full-length
WRM-1; pGBKT7(WRM-1DC), WRM-1(1–773), deletion of the 23 C-
terminal amino acids; pGBKT7(WRM-1DN), WRM-1(217–796), dele-
tion of the 216 N-terminal amino acids; pGBKT7(WRM-1DC236),
WRM-1(1–560), deletion of the 236 C-terminal amino acids;
pGBKT7(WRM-1AR), WRM-1(135–560), deletion of the 134 N-termi-
nal and of the 236 C-terminal amino acids; pGBKT7(POP-1), full-
length POP-1; and pGBKT7(LIT-1), full-length LIT-1.
For transfections of mammalian cells, the following constructs en-
coding Myc epitope-tagged proteins were prepared in the pK-Myc-
C3 vector (Valenta et al., 2003): pK-Myc-C3(SYS-1), full-length
SYS-1; pK-Myc-C3(WRM-1), full-length WRM-1; and pK-Myc-
C3(WRM-1AR), WRM-1(135–560), deletion of the 134 N-terminal
and of the 236 C-terminal amino acids. The following HA-tagged pro-
teins were expressed from pHAK-B vectors, HA-tag variants of the
pK-Myc-C plasmids: pHAK-B2(NHR-25), full-length NHR-25; pHAK-
B2(NHR-25DL), NHR-25(1–320), deletion of the ligand binding do-
main; and pHAK-B3(POP-1), full-length wild-type POP-1. Mutant
forms POP-1(D9E), corresponding to POP-1(p645) (Siegfried and
Kimble, 2002), and POP-1(D9A) were generated by PCR with forward
primers, in which the ninth GAT codon had been mutated either to
GAA (glutamic acid) or to GCT (alanine) and expressed from pHAK-
B3. The pEGFP-C2 plasmid (Clontech) was used for expression of
full-length NHR-25 and its truncated version NHR-25DL, N-terminally
fused with EGFP.
Yeast Two-Hybrid Assay
Yeast two-hybrid analyses were performed by using the Match-
maker Two-Hybrid System 3 (Clontech). Yeast transformation wasdone with the lithium acetate method as described by the manufac-
turer. Bait (Gal4 DNA binding domain fusion) and prey (Gal4 activa-
tion domain fusion) plasmids in the 2:1 ratio, respectively, were
cotransformed in a single step. Transformants were selected on
SD/-Leu/-Trp plates after incubation at 30ºC for 3 days. Several
single colonies were picked for each transformant, resuspended in
100 ml of water, and cell numbers were counted. Suspensions
were diluted about ten and 100 times to equal cell concentrations,
and 5 ml aliquots from each dilution were spotted onto SD/-Leu/-
Trp and SD/-Ade/-His/-Leu/-Trp plates. Yeast growth was photo-
graphed after 3 days of incubation at 30ºC.
GST Pull-Down Assay
GST alone and full-length GST-BAR-1, GST-WRM-1, and GST-SYS-
1 fusion proteins were expressed from pET-42b (Novagen) in E. coli
strain BL21-CodonPlus (Stratagene) and bound to Glutathione-Se-
pharose 4B beads (Amersham Pharmacia Biotech). The full-length
NHR-25 protein was produced from the pHAK-B2(NHR-25) con-
struct in vitro by using the T7 TNT Coupled Reticulocyte System
(Promega). Standard 50 ml transcription-translation reactions were
supplemented with 4 ml [35S]-methionine (ICN Biomedicals) per reac-
tion. Four microliters of the radiolabeled NHR-25 were incubated
with the immobilized GST-fused proteins in 20 mM HEPES (pH
7.9), 150 mM KCl, 10% glycerol, 0.2% Tween-20, 1 mM DTT, Prote-
ase Inhibitor Cocktail (Roche) for 1 hr at 4ºC. Beads were collected
by centrifugation and washed six times, 10 min per wash, in
20 mM HEPES (pH 7.9), 200 mM KCl, 10% glycerol, 0.2% Tween-
20, 1 mM DTT at 4ºC. Bound proteins were separated on 10%
SDS-PAGE and analyzed by autoradiography.
Cell Culture, Transfections, and Luciferase Assays
Human embryonic kidney (HEK) cell line 293 (EAAC) was maintained
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
with 10% fetal bovine serum (Hyclone) and antibiotics. Only myco-
plasma-free cells were used in the experiments. Transfections
were performed with the Lipofectamine reagent (Invitrogen).
Reporter gene assays were performed as described previously
(Valenta et al., 2003) with the firefly luciferase pTOPFLASH and
pFOPFLASH reporters (Korinek et al., 1997) to assay POP-1/TCF-
mediated transcription. The transcriptional activity of NHR-25 was
tested with two types of reporters. First, pOLDO-luciferase con-
structs were driven by two copies of the SF-1/Ftz-F1 binding con-
sensus sequence TCAAGGTCA or by two copies of the ROR binding
site TCTAGGTCA, a gift from M. Van Gilst (Fred Hutchinson Cancer
Research Center, Seattle, WA) (Van Gilst et al., 2002). Second,
a 53SF-1 luciferase reporter containing five copies of the SF-1 re-
sponse element from the mouse CYP21 gene (Ikeda et al., 1993)
was provided by G. Hammer (University of Michigan, Ann Arbor, MI).
Cells were seeded onto 12-well plates (approximately 23 105 cells
per well) and in triplicates were transfected 4 hr later with a Lipofect-
amine mixture containing 50 ng pTK-Renilla plasmid (Promega) as
an internal control, 400 ng luciferase reporter plasmid, and up to 3
mg appropriate expression vector(s) (these DNA amounts therefore
apply to the whole set of three wells). The total amount of DNA
was kept constant by adding empty expression vector where neces-
sary. Twenty-four hours posttransfection, the cells were harvested
and processed by using the Dual Luciferase Reporter Assay System
(Promega). All reporter gene assays were done in triplicates, and
data were presented as average values with standard deviations
from a minimum of three independent experiments after normaliza-
tion against the Renilla luciferase activities.
In Situ Hybridization
In situ hybridization of nhr-25 mRNA was performed on wild-type
(N2) animals with a digoxigenin-labeled cDNA probe (clone
yk663g4) as previously described (Asahina et al., 2000 and http://
nematode.lab.nig.ac.jp/method/index.php).
Antibody Staining and Coimmunoprecipitation
Rabbit antiserum against a portion of the ligand binding domain of
NHR-25 was described previously (Silhankova et al., 2005). For im-
munostaining of C. elegans, this antiserum was purified on a PRO-
SEP-rA High Capacity recombinant protein A column (Millipore). Lar-
vae were prepared and stained as described (Silhankova et al.,
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1:200, and detection was with 1:500 goat anti-rabbit IgG conjugated
with biotin (Molecular Probes), followed by 1:500 streptavidin-Alexa
568 (Molecular Probes). Worms were mounted in the VectaShield
(Vector) medium containing 1 mg/ml DAPI for DNA counterstaining.
Images were captured with Axioplan 2 Zeiss fluorescent micro-
scope.
Epitope-tagged proteins were detected with anti-Myc 9E10
(Roche), anti-HA 12CA5 (Roche), and anti-GFP JL-8 (Clontech)
mouse monoclonals or with rabbit antiserum against bacterially ex-
pressed full-length EGFP. For coimmunoprecipitations, 0.5–1.0 3
107 cells were harvested, washed twice in ice-cold PBS, and lysed
in extraction buffer: 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 0.5% Tri-
ton X-100, 0.2 mM EDTA, 0.75 mM b-mercaptoethanol, and protease
inhibitors (Roche) for 10 min on ice. Lysates were briefly sonicated
on ice, incubated in a rotator for 15 min at 4ºC, and centrifuged
(13,000 rpm, 4ºC, 20 min). The supernatant was transferred to a fresh
tube and incubated with the appropriate antibody coupled to protein
A Sepharose beads (Pierce) (20 ml rabbit antiserum were preincu-
bated with 25 ml of beads for 1 hr at 4ºC and then washed three times
with the extraction buffer). The mixture was incubated in a rotator for
3 hr at 4ºC, centrifuged, the supernatant was removed, and the pre-
cipitate was washed four times with 1 ml extraction buffer containing
0.3% Tween-20 (Fluka) instead of Triton X-100. Proteins were boiled
in SDS sample buffer, separated on SDS-PAGE, and transferred to
polyvinylidene fluoride membranes (Pall Gelman Laboratory). After
incubation with the appropriate primary antibodies, proteins were
detected with horseradish peroxidase-conjugated goat anti-mouse
(BioRad) or goat anti-rabbit (Sigma) polyclonal antisera, followed by
visualization with an enhanced chemiluminescence system (Pierce).
Supplemental Data
Supplemental Data include one figure and three tables and are avail-
able at http://www.developmentalcell.com/cgi/content/full/11/2/
203/DC1/.
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